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DNA polymerases must select and incorporate the 
correct deoxynucleoside L’-triphosphate from a pool of 
structurally similar molecules. The structural and kinetic 
characterization of DNA polymerase p indicates that this 
polymerase must stabilize the templating base to 
achieve efficient polymerization with high fidelity. 
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Accurate template-directed DNA synthesis during DNA 
replication and repair is fundamental for maintaining the 
genetic blueprint of the cell. The degradation of the 
genome is believed to play a central role in aging and 
disease. DNA polymerase B (pol B), the smallest (39 kDa) 
of five mammalian cellular DNA polymerases, fills short 
DNA gaps during repair synthesis in the base excision 
repair pathway and has also been implicated in chromos- 
omal replication. The base excision repair pathway is 
responsible for correcting the considerable oxidative and 
alkylation damage that occurs in the cell from exposure to 
reactive metabolites [ 11. 
In recent years, the X-ray crystal structures of RNA and 
DNA polymerases from several polymerase families have 
been solved. In general, these polymerases appear to 
form a U-like cleft that could accommodate nucleic acid. 
By analogy to a hand, the three sides of the cleft are 
referred to as fingers, palm and thumb. Catalytically 
important acidic protein sidechains that bind Mgz+~are sit- 
uated in the bottom of the cleft (i.e., in the palm). Struc- 
tures of pol B with bound DNA (i.e., template-primer; 
T-P) and bound deoxynucleoside 5’-triphosphate 
(dNTP) [Z-5] are the only polymerase structures that 
have both ligands bound simultaneously. These struc- 
tures, coupled with pre-steady-state and steady-state 
kinetic analyses of wild-type and active-site mutant 
enzymes, have offered new insights into the mechanisms 
of nucleotide discrimination and the role specific poly- 
merase sidechains and/or backbone interactions con- 
tribute to the faithful replication of DNA. 
DNA synthesis errors 
A general kinetic pathway for a DNA polymerase is out- 
lined in Figure 1. Steady-state kinetic analyses indicate that 
DNA polymerases follow an ordered addition of substrates 
with DNA binding first. There are several opportunities for 
the polymerase to discriminate against incorrect nucleotide 
incorporation (Figure 1, steps l-3). If an incorrect 
nucleotide is incorporated, the resulting mispair may be cor- 
rected by alternate kinetic pathways. Many DNA poly- 
merases enhance fidelity using a 3’4 proof-reading 
activity to ‘edit’ mistakes (i.e., those nucleotide incorpora- 
tions that do not preserve Watson-Crick base pairing) 
during DNA synthesis. Error rates for these polymerases 
are about 10-6-10-7 (one mistake per l,OOO-10,000 kilo- 
bases synthesized). Several lines of evidence suggest that 
proof-reading contributes about loo-fold to fidelity [6]. The 
greatest discrimination therefore is provided by the poly- 
merase (error rate of 10‘?--10-5). This error rate is similar to 
that reported for pol B which lacks a proof-reading exonu- 
clease [7]. More importantly, this level of fidelity is signifi- 
cantly greater than the discrimination predicted solely on 
the difference in the stability of duplexes containing 
matched and mismatched terminal base pairs (10-r) indi- 
cating that the polymerase participates in the selection of 
the correct dNTP [8]. Recent structural and kinetic analysis 
of active-site mutants indicates that pol B selects the correct 
incoming dNTP by stabilizing the template base through 
conformational changes, forming an active site that exam- 
ines the geometric properties of the new base pair. Correct 
alignment of the templating base is necessary for the poly- 
merase to examine accurately the steric complementarity 
inherent in the Watson-Crick base pair. 
DNA polymerases produce several classes of errors during 
DNA synthesis. Base-substitution errors form a major class 
of errors in which a noncomplementary base is misincorpo- 
rated (i.e., the polymerase misreads the templating base). 
Other major classes of errors are distinguished by T-P 
strand slippage or realignment events. The incorporation 
of a complementary or noncomplementary dNTP can 
result in base-substitution or frameshift errors (i.e., the 
addition or deletion of nucleotide(s)) by several mecha- 
nisms (see [6] for a review). The type of error depends on 
whether the primer or template strand undergoes realign- 
ment to give rise to loop-out intermediates and whether 
nucleotide incorporation occurs prior to or after strand 
rearrangement. An additional error-generating mechanism 
has recently been demonstrated for pol B when it encoun- 
ters a damaged templating base. In these instances, pol B 
can use the following template base to code for the incom- 
ing nucleotide. This has been termed ‘dNTP-stabilized 
misalignment’ and results in a -1 frameshift error (one-base 
deletion) because a template position is skipped [9,10]. 
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General reaction pathway for a DNA polymerase. DNA polymerases can 
discriminate against errors at several steps along its reaction pathway. 
After binding DNA, the first opportunity for discrimination is correct base 
selection (i.e., dNTP binding (step 1) leading to formation of a ternary 
complex). The ternary complex undergoes a conformational change that 
positions the incoming dNTP (step 2) for phosphodiester bond formation 
(step 3). In general, these steps are disfavored for an incorrect 
nucleotide. After pyrophosphate (PPi) release (step 4), the enzyme has 
several alternatives for error correction. The DNA product can undergo 
four fates: continued polymerization (a.&, exonuclease proof-reading 
(bx,,), pyrophosphorolysis (reversal of step 4) or DNA dissociation (k&. 
DNA polymerases extend mispairs very slowly (knext small relative to knext 
for a correct base pair at the primer 3’ terminus). This gives an 
exonuclease-proficient polymerase an opportunity to correct the mispair 
by the associated proof-reading activity (k.& or, alternatively, the DNA 
with the terminal mispair can dissociate from the polymerase (k& so that 
the mismatch is not ‘sealed’ into the growing DNA duplex. Thus, error 
correction can occur after each nucleotide incorporation event (step 3) 
and is governed by kinetic partitioning 1231. Although translocation is 
illustrated as associated with step 3, it has not kinetically been defined 
and probably occurs over multiple steps. E, DNA polymerase. 
DNA polymerase p produces both -1 frameshift and base- 
substitution errors with similar frequencies [7]. 
Domain organization and movements 
Controlled proteolytic cleavage of pol p has shown that the 
enzyme is folded into distinct domains that have specific 
functional activities (see [3] for a review). The amino-ter- 
minal 8 kDa domain is connected to the 31 kDa poly- 
merase domain by a protease-sensitive hinge region 
(Figure 2). The 8 kDa domain has a lyase activity that 
removes the 5’-deoxyribose phosphate generated after 
incision by an apurinic/apyrimidinic endonuclease during 
base-excision repair [ 111. The nucleotidyl transferase reac- 
tion is catalyzed by the 3 1 kDa polymerase domain. 
The X-ray crystal structure of pol p with an incoming 
ddCTP has been determined for a T-P that has a single- 
stranded template overhang of four nucleotides (i.e. an 
1 l-7-mer; Figure 2a) [Z] and for a DNA substrate that has a 
one nucleotide gap (Figure 2b) [5]. The DNA in Figure 2 
is omitted for clarity. As illustrated b,y comparing Figure 2a 
and b, binding of pol fi to the short-gapped DNA results in 
a more compact structure because the 8 kDa domain 
‘closes’ to interact with the carboxyl terminal subdomain. 
Figure 3 represents the same perspective but the DNA 
backbone from the one nucleotide-gapped DNA complex 
is included. The 8 kDa domain is not observed to be inter- 
acting with DNA when there is not a gap in the duplex 
DNA, as in Figure Za, but binds avidly to the downstream 
5’-phosphate in a DNA gap (Figure 3a). The 5’-phosphate 
directs pol j3 to the position in a gap where it can ‘finish’ 
DNA synthesis [12]. 
In addition to the significant movement of the amino-termi- 
nal domain upon binding gapped DNA, the carboxyl termi- 
nus (residues 262-335) is observed to ‘close’ around the 
correct incoming dNTP and its complementary template 
base [2,4,5,13]. Superimposing the palm subdomains of 
pol p bound to DNA substrate that has a one nucleotide gap 
(binary complex) with that which also includes the correct 
incoming ddCTP (ternary complex) reveals that the 8 kDa 
domain moves slightly to form an even more compact struc- 
ture. The carboxy-terminal subdomain of the polymerase 
domain rotates around an axis (a helix M) to close tightly 
around the new correct base pair (Figure Zb). In addition, 
Figure 3 shows that the DNA template does not travel 
through the original U-shaped cleft and, in fact, the U- 
shaped cleft has closed to form a donut-like structure. The 
dNTP-binding site has only limited accessibility in this 
closed complex. The easiest entry or release of the substrate 
dNTP or product PP, is from the side opposite the DNA- 
binding site (Figure 3b). This restricted binding is consis- 
tent with the apparent higher binding affinity of the correct 
dNTP in a single-nucleotide gap than with DNA having 
longer single-stranded templates [14], and the proximity of 
the 8 kDa domain to the dNTP is consistent with cross- 
linking results using a photoreactive dNTP analog [15]. 
The dNTP-binding site of the polymerase 
The polymerase-dNTP active site is dynamic and 
unique for each nucleotide incorporation. Closure of the 
carboxy-terminal subdomain results in an opportunity for 
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Figure 2 
The global conformation of ternary complexes of DNA polymerase p 
[2,5,19]. The incoming ddCTP (yellow) is observed to be hydrogen 
bonded to a guanine residue (red) in the template strand. The DNA is 
omitted for clarity. (a) The amino-terminal 8 kDa domain (residues 
l-90, white) removes 5’-deoxyribose phosphate during base-excision 
repair [l 1 I. It is situated above the carboxy-terminal polymerase 
domain (blue), but does not interact with the template-primer DNA 
substrate. In this complex, the 5’-end of the template has four template 
residues that do not have complementary bases (i.e., are single- 
stranded). (b) Binding of DNA polymerase p to a double-stranded 
DNA substrate that has a one nucleotide gap results in movement of 
the 8 kDa domain so that it now interacts with the carboxy-terminal 
polymerase domain and the 5’-phosphate in the DNA gap. This 
position partially occludes entry to the dNTP binding pocket. 
Comparison of the binary pol P-DNA complex (green) with the ternary 
complex (white-blue) by superimposing the palm subdomains reveals 
that the carboxy-terminal subdomain (residues 262-335) can rotate 
about an axis (a helix M) to close around the new base pair. The 
ternary complex is termed the closed conformation, whereas the green 
structure of the binary complex is referred to as the open conformation. 
The dashed yellow line represents an 11 A displacement. 
the polymerase to check for correct Watson-Crick base 
pairing and assemble the active-site residues [4,5]. This is 
achieved by examining geometric constraints rather than 
Figure 3 
The molecular surface of DNA polymerase p in a ternary complex with 
ddCTP and a DNA substrate that has a one nucleotide gap [5]. This 
figure was generated using GRASP [261. The amino-terminal 8 kDa 
domain (white) interacts with the carboxy-terminal polymerase domain 
(blue) and now forms a donut-like structure in contrast to the extended 
conformation observed when bound to DNA structures that do not have 
a gap (see Figure 2a). The template, primer and downstream backbones 
are represented as red, light purple and green strands, respectively. The 
3’terminal primer base (light purple), incoming ddCTP (yellow) and its 
complementary template base (red) are also illustrated. The 5’-ends of 
the primer and downstream strands are indicated. (a) A frontal view of 
the complex (similar to that of Figure 2). The template strand runs into 
the carboxy-terminal subdomain of pal p and then turns sharply 
immediately following the templating guanine residue. (b) An expanded 
view of the back of the complex illustrating the easiest route for dNTP 
access. The dNTP binding site is surrounded by duplex DNA and the 
carboxy- and amino-terminal domains of pol 6. This limits the accessibility 
to the dNTP binding site in the closed and open conformations. The 
least restricted access to the dNTP binding site is through a channel 
formed by the 8 kDa and carboxyl terminus domain interaction. 
correct hydrogen bonding [ 16-181. Thus, a correct base pair 
sterically fits in the active site such that the a-phosphate 
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Figure 4 
Protein-DNA interactions stabilizing the templating base. (a) Molecular 
surface of the binding site for the new Watson-Crick base pair. The 
perspective is of the DNA major groove illustrating the solvent exposure 
of the major groove edge of the new base pair. The van der Waals 
surface of the templating base (red) and the incoming ddCTP (yellow) 
are also illustrated. Both protein (blue) and DNA (green) contribute to 
the binding site of the new base pair. The sugar and base moieties of the 
new base pair primarily interact with sidechains of cl-helices M and N. 
Interactions with helix N are facilitated by a 90” bend observed in the 
template strand (red) immediately following the templating base. This 
gives CL helix N access to the exposed face of the new base pair. (b) The 
first template base (n+l) following the sharp template bend is stabilized 
by stacking interactions with His34 (blue) of the 8 kDa domain (white). 
The polymerase domain is omitted for clarity. The B/-terminus of the 
sugar-phosphate backbone of the primer (light purple) and template 
(red) strands is indicated. The DNA complementary to the 5’-end of the 
template strand and forming the single-nucleotide gap is also shown 
(green). The templating base (n) and the incoming ddCTP are red and 
yellow, respectively. The prior templating base (n-l) is hydrogen bonded 
to the terminal primer base (bases not shown). 
of the incoming dNTP is aligned with the 3’-hydroxyl 
group of the primer strand for efficient catalysis. After 
translocation of the template, subsequent to or coinci- 
dent with dNTP incorporation, a new active site is 
formed which is dependent on the identity of the tem- 
plating base as well as the surrounding sequence. Exami- 
nation of the pol p active site with an incoming dNTP 
and its complementary template base reveals that the 
active site is composed of both polymerase and nucleic 
acid components (Figure 4a). The new base pair is sand- 
wiched tightly between a helix N of the polymerase and 
the growing duplex DNA. Interactions between a helix 
N and the new base pair are facilitated by a 90” bend in 
the template backbone immediately following the tem- 
plating base, exposing the new base pair to residues of 
a helix N. The 90” bend is stabilized by His34 stacking 
against the next template base (n+l) downstream of the 
templating base (n; Figure 4b). 
Although steady-state kinetic analysis indicates that an 
ordered binding of substrates is preferred, with the T-P 
binding event first, it is not obligatory. A photoreactive 
dNTP analog has been cross-linked to pol p in the absence 
of DNA and subsequently incorporated upon DNA addi- 
tion [15]. Furthermore, the structure of a pol p-dATP 
binary complex indicates that the y-phosphate is bound in 
a similar position to that seen in the ternary complex [19]. 
This suggests that enzyme interactions with the triphos- 
phate moiety provide initial and nonspecific contacts. The 
triphosphate portion of the incoming dNTP interacts with 
protein sidechains and Mg2+ in the palm subdomain. 
These interactions are expected to be similar for ribonu- 
cleotides and deoxyribonucleotides. The sugar and base 
moieties of the incoming nucleotide interact with the 
mobile carboxy-terminal subdomain, however. Pol p dis- 
criminates against the ribose Z’-hydroxyl group through 
steric exclusion by backbone, rather than sidechain, inter- 
actions. This exclusion uses the rare cis-peptide bond 
formed between Gly274 and SerZ75 and represents the 
point where a helix M turns sharply and a helix N begins. 
In contrast, several other RNA and DNA polymerases have 
been shown to use specific amino acid sidechains for sugar 
discrimination (see [ZO] for discussion). 
In addition to the cis-peptide bond, a helices M and N 
form van der Waals’ and hydrogen-bonding interactions 
with the base and sugar moieties through the DNA minor 
groove. The protein-DNA hydrogen bonding observed at 
the polymerase active site is predicted to be indiscrimi- 
nate with regard to Watson-Crick base pairing. The 
hydrogen-bond acceptors, 02 of pyrimidines and N3 of 
purines, are identically positioned in the DNA minor 
groove, irrespective of the DNA sequence (Figure 5a). Pol 
p contributes hydrogen-bond donors, TyrZ71, Asn279 and 
Arg283, that may hydrogen bond with the terminal primer 
base, the base of the incoming dNTP and the templating 
base, respectively (Figure 6a,b). In addition, the DC of 
Asp276 is observed to form van der Waals’ interactions 
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Minor-groove hydrogen-bond discrimination. (a) An overlay of a C-G 
and an A-T base pair. The 02 of pyrimidines (red) and the N3 of 
purines (blue) are in similar positions in the DNA minor groove. This 
indiscriminate positioning provides nonspecific hydrogen bond 
acceptors along the DNA minor groove (upward arrows). The guanine 
base also donates a hydrogen bond (downward arrow) near the center 
of the minor groove. (b) Alteration of the hydrogen bonding observed 
upon overlaying the guanine bases in a C-G and T-G (wobble) base 
pair 1271. Not only is the hydrogen bonding potential perturbed, but the 
minor groove van der Waals interactions would be expected to be 
dramatically reduced as the new base pair is displaced into the 
solvent-exposed major groove. 
with the base of the incoming nucleotide. Although 
minor-groove scanning through hydrogen bonding offers 
an ideal opportunity for the polymerase to detect correctly 
aligned base pairs, site-directed mutagenesis to remove 
specific hydrogen bonds and van der Waals’ contacts indi- 
cates that the fidelity and catalytic efficiency of pol p is 
exquisitely sensitive to changes in template interactions 
[13]. In contrast, the alteration of direct interactions with 
the incoming dNTP or primer terminus resulted in little 
or no influence on fidelity, as determined by a gap-filling 
reversion mutation assay ([13]; W.P. Osheroff and T.A. 
Kunkel, unpublished observations). Figure 5b illustrates 
DNA polymerase 8 sidechains that have been altered by site-directed 
mutagenesis near the binding site for the new Watson-Crick base pair 
[13,21,22,24]. (a) CL Helices M and N (blue) contribute most of the 
interactions with the sugar and base moieties of the templating 
guanine (red) and the incoming ddCTP (yellow). Tyr271, Asn279 and 
Arg283 are within hydrogen bonding distance to the 02 (pyrimidines) 
or N3 (purines) of the terminal primer, templating and incoming 
nucleotide base, respectively. The PC of Asp276 makes van der Waals 
interactions with the base of the incoming dNTP and Tyr265 alters its 
van der Waals interactions as the carboxy-terminal domain rotates 
about a helix M to close around the new base pair. Mutagenesis of 
these residues indicates that interactions contributed by Arg283 and 
Tyr265 are important for faithful DNA synthesis [13,21,22]. The van 
der Waals surfaces of these residues are indicated. interactions which 
stabilize the templating base (Arg283) or which may influence 
conformational changes (Tyr265) that could stabilize the templating 
base appear to be more important than direct protein interactions with 
the incoming nucleotide. (b) The view is rotated 90” around the x axis 
so the perspective is from the major groove side of the new base pair. 
the spatial alteration in hydrogen-bonding groups, as well 
as potential minor groove van der Waals’ interactions, 
required to accommodate a G-T base pair at the poly- 
merase active site. This is one of the most common poly- 
merase base substitution errors produced by pol p [13,21]. 
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Protrusion of an incorrect nucleotide (e.g., dTTP) into the 
major groove could be accommodated because the major 
groove is solvent exposed. 
In addition to the site-directed mutagenesis of the pol p 
active site, a genetic screen was recently used successfully 
to identify pol p mutants displaying a mutator phenotype 
[ZZ]. Interestingly, the two strongest mutators mapped to 
Tyr26.5 (cysteine or histidine substitutions) located in 
a helix M (Figure 6). As described above, rotations around 
the axis of &. helix M occur during movements of the 
carboxy-terminal domain. Tyr26.5 makes fewer hydropho- 
bic contacts as this subdomain swings open. Coupled with 
the results of the active-site mutagenesis studies, these 
results suggest that residue 265 can indirectly influence 
template stabilization by altering the carboxy-terminal 
subdomain position or movement. This is consistent with 
the observation that the ternplating base is structurally 
less ordered in the open conformation (polymerase-DNA 
complex) than in the closed ternary complex [S]. 
Presteady-state kinetics of single-nucleotide incorporation 
can isolate individual reaction steps in the DNA polymerase 
pathway and determine the contribution of each step to 
fidelity [23]. In the simplest case, DNA polymerases gener- 
ally discriminate correct from incorrect nucleotides at the 
dNTP-binding step (the incorrect dNTP has a lower affin- 
ity for the polymerase than the correct dNTP; Figure 1, 
step 1) and/or the subsequent incorporation step (the incor- 
rect dNTP is incorporated more slowly than the correct 
dNTP; Figure 1, step 2). This latter step is generally 
believed to be limited by an undefined conformational 
change. Pol p appears to discriminate against incorrect 
nucleotides primarily by decreasing the rate of misincorpo- 
ration and, to a lesser extent, by decreasing the binding 
affinity of the incorrect dNTP [Zl]. The limited selectivity 
provided by dNTP binding may indicate that the proper 
geometry of the new base pair is not checked initially, but 
occurs later and limits the subsequent conformational 
change (Figure 1, step 2). In general, presteady-state kinet- 
ics have confirmed steady-state and fidelity analyses of 
pol p active-site mutants [13]. Interestingly, however, 
presteady-state kinetics of an Asn279-+Ala mutant indicate 
that the fidelity of this mutant is decreased modestly rela- 
tive to wild-type enzyme [‘24]. In contrast, a gap-filling 
reversion-mutation assay indicates that the fidelity of this 
mutant is increased [13]. The latter assay requires that the 
mutant polymerase fills the gapped DNA substrate to score 
a mutation. The reversion-mutation assay therefore also 
records the ability of the mutant polymerase to extend a 
mismatch. Pausing, or inefficient extension, at a mismatch 
can also contribute to fidelity. A polymerase that has a 
proof-reading exonuclease has the opportunity to correct 
the mistake and if the polymerase does not have this acces- 
sory activity, the enzyme can dissociate from the DNA so as 
not to ‘seal’ the mistake into the duplex (see Figure 1). 
Conclusions and outlook 
The dynamic role that the single-stranded template strand 
plays in fidelity is only now being appreciated. The poly- 
merase must interact with the template strand so as to 
position the coding template base in the correct alignment 
and register. Failure to do so faithfully can result in either 
base substitution or deletion errors. The tendency of pol p 
to make -1 frameshifts suggests that with long single- 
stranded DNA regions, the template strand has a propen- 
sity to misalign. Biochemical and structural information is 
needed to understand the molecular interactions that may 
induce or stabilize these frameshift intermediates. A struc- 
tural motif, termed the minor groove binding track, that 
influences frameshift fidelity has been identified within 
the polymerase domain of HIV-l reverse transcriptase 
[25]. The motif interacts with the DNA minor groove 
several base pairs upstream from the active site. 
DNA polymerase p forms the dNTP-binding site through 
polymerase subdomain movements which are coupled 
with template strand stabilization. Site-directed mutagen- 
esis has demonstrated that correct template positioning is 
essential for efficient polymerization with high fidelity. 
Surprisingly, alteration of the shape or hydrogen-bonding 
potential of the polymerase dNTP-binding site had only 
minor influences on polymerase fidelity compared to those 
observed when altering template interactions. As the 
structures of the dNTP-binding pocket of other poly- 
merases are determined, it will be of interest to see 
whether these polymerases stabilize the new base pair in a 
manner similar to pol p and how nucleic acid polymerases 
accommodate base mismatches, damaged bases or 
frameshift intermediates. The structural details of these 
interactions and those occurring between the single- 
stranded template and polymerase are lacking. 
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